The ability to manipulate light at deeply sub-wavelength scales opens a broad range of research possibilities and practical applications. In this paper, we go beyond recent demonstrations of active photonic devices coupled to planar plasmonic waveguides and demonstrate a photodetector linked to a two conductor metallic slot waveguide that supports a mode with a minute cross-sectional area of ∼ λ 2 /100. We demonstrate propagation lengths of ∼ 10 λ (at 850 nm), routing around 90 ° bends and integrated detection with a metal-semiconductormetal (MSM) photodetector. We show polarization selective excitation of the slot mode and measure its propagation characteristics by studying the Fabry-Perot oscillations in the photo current spectra from the waveguide-coupled detector. Our results demonstrate the practicality of transferring one of the most successful microwave and RF waveguide technologies to the optical domain, opening up many opportunities in areas such as biosensing, information storage and communication.
Introduction
Metals have long been used to confi ne and manipulate radiofrequency and microwave signals on highly integrated and functional RF circuits [1, 2] . Transposing some of these concepts to the near-IR wavelength region could lead to highly functional optoelectronic circuits [3] [4] [5] [6] [7] with a tremendous impact in many important areas of nanotechnology such as nanoscale sources and detectors for future optical interconnects [8] , heat-assisted magnetic recording (HAMR) for next generation hard drives [9] , DNA sequencing [10] , and many others where strong light matter interaction is required [11] . Such integrated optoelectronic circuits with nanoscale active components would require a fl exible waveguiding platform to confi ne and route optical signals. Research in plasmonics has been pursued by various groups for the light confi nement that could be achieved with metals used in the backend processing of high volume silicon circuits [12] . While passive elements such as wavelength fi lters have been realized in various geometries [13, 14] , active devices have primarily been coupled to planar metal-insulator-metal waveguides that support gap plasmons between two vertically stacked metal fi lms [15 -17] . This geometry provides sub-wavelength mode confi nement in only one dimension (vertically) . A platform that relies on a planar geometry to confi ne plasmons laterally and vertically [18] could provide true cross-section confi nement, enable fl exible routing of optical signal on a chip and facilitate the use of planar CMOS fabrication techniques to realize massively interconnected optical circuits which would be a part of future exascale systems.
In this paper, we unambiguously demonstrate guiding and routing of surface plasmon polaritons (SPP) in a deeply subwavelength mode and demonstrate active functionality with integrated detection using a metal-semiconductor-metal (MSM) photodetector. Our structures are analogous to the microwave slot line [1] and are fabricated with planar processing techniques comparable with current backend processing in CMOS. We demonstrate propagation lengths of ∼ 10 λ for guide cross-sections of ∼ λ 2 /100, and routing around 90 ° bends, clearly showing the controllable guiding of light at these length scales. We detect the plasmons by the photocurrent generated in an integrated silicon MSM detector located at the end of the guide. The coupling to nanoscale semiconductor structures enables the design of low capacitance, high speed on-chip photodetectors [19, 20] with active volumes approaching λ 3 /1000. We extract the propagation characteristics of the mode by studying the Fabry-Perot spectra of the waveguide, which behaves as a low-Q resonator due to the weak refl ection at the in-coupling point and the photodetector. To the best of our knowledge, this is the fi rst time this measurement has been demonstrated for nanometer scale two-conductor coplanar plasmonic waveguides, and it shows that tight mode confi nement preserves the Fabry-Perot fringes even in the presence of metallic loss. In addition, the measurements agree reasonably well with numerical simulations; this leads us to believe that the dielectric constants of metallic fi lms do not change appreciably when patterned at the length scales discussed here and hence more complex structures can be reliably designed and modeled [21] .
Device structure and fabrication of the waveguide-integrated photodetector
The structure of our device is shown in Figure 1 thickness and 210 nm width, separated by 80 nm. The optical signal propagates in the 80 nm × 80 nm slot region and is incident on an integrated silicon metal-semiconductor-metal (MSM) photodetector, which lies in the same plane as the waveguides. Figure 1B shows a plan view of the device, and Figure 1C shows a cross section of the waveguide. The silicon photodetector is used to convert highly confi ned slot plasmons with a free-space wavelength λ 0 between 800 nm and 1000 nm into an electrical signal. The coupling structure of the waveguide (where both conductors are connected together through a short circuit) acts both as a refl ector and as a feed-in antenna.
We fabricated the plasmonic waveguide-integrated photodetectors from wafers of thin crystalline silicon fi lms on silicon dioxide (referred to as oxide below). The starting material for the fabrication of the photodetectors was n-type siliconon-insulator (SOI) wafers (1 -5 ohm-cm) with a buried-oxide layer of 400 nm and a starting device (silicon) layer of 400 nm, which were repeatedly thermally oxidized at high temperature and etched in buffered hydrofl uoric acid to partially consume the device layer such that the remaining device layer is 200 nm. The wafers were subsequently bonded to a Pyrex substrate and the silicon substrate (the " handle " ) of the SOI wafer was etched back, leaving a thin fi lm of crystalline silicon on an oxide substrate. Mesa patterns were defi ned using standard optical lithography and tetramethylammonium hydroxide (TMAH) etchant. The electrical contacts were defi ned using standard optical lithography and lift-off of an e-beam evaporated metal fi lm of Cr/Au/Cr (10/85/10 nm). Optical lithography and a standard lift-off procedure was then used to align to the bottom of the silicon mesa and defi ne an e-beam evaporated metal fi lm of 80 nm of Au (directly on the oxide) followed by 5 nm of Ti. Electron-beam lithography and argon-ion etching was then used to defi ne the waveguide structures in this Au/Ti fi lm. A scanning electron micrograph (SEM) of the fabricated structure is shown in Figure 1D .
We calculate the propagation constants of the waveguide structure shown in Figure 1C using COMSOL multiphysics. We assume a refractive index of n = 1.44 for the oxide and use the refractive indices for gold as given by Palik [22] . In this geometry, the waveguides support only two modes, a slot plasmon mode which is mostly confi ned in the slot region between the two conductors (Figure 2 A) and a strip plasmon mode which lies mostly beneath the two conductors ( Figure 2B ). In Figure 2A and 2B, the colors show the intensity (magnitude of the Poynting vector) in the y-direction, and the arrows indicate the direction and magnitude of tangential electric fi eld (Ex and Ez). While the strip plasmon has a longer propagation length, its fi eld profi le is similar to the fundamental mode of a single metal strip without the slot region and its relatively weak confi nement makes it less attractive for integration in optoelectronic devices. Figure 2C shows the calculated refractive indices and Figure 2D shows the propagation lengths for the slot plasmon and strip plasmon modes as a function of wavelength. The effective refractive index is given as n eff = Re( γ )/ (2 π / λ ) where γ is the mode propagation constant and λ is the free-space wavelength. The propagation length is given as 1/ Im( γ ) and corresponds to the length before the fi eld attenuates by a factor of (1/e). The slot plasmon mode reaches a propagation length of 9 μ m around a free space wavelength around 900 nm, which is more than 112 times the width of the slot where most of the optical energy is confi ned. In contrast, although the strip plasmon has a longer propagation length of 19 μ m, it extends over more than the whole width of the pair of metal strips and to a substantial extent into the substrate also.
Excitation of the confi ned waveguide mode
We used fi nite-difference time-domain (FDTD) simulations [23] to explore the possibility of effectively coupling light into the slot waveguide mode without coupling to the strip plasmon mode. The FDTD code is a custom code designed to perform FDTD simulations on a high-performance Graphical Processing Unit (GPU) [24] . When the coupling structure is top-illuminated with an incident Gaussian beam with its electric fi eld polarized in the x-direction, the optical fi eld couples to propagating slot plasmons that are launched away from the coupling structure. Our simulations show that the coupling with an x-polarized fi eld (perpendicular to the waveguide direction) into the slot plasmon mode is more than 100 times more effi cient than coupling with a y-polarized fi eld (parallel to the waveguide direction) to the strip plasmon mode.
The coupling structure where coupling takes place is mode led as a shorted section of waveguide, where the slot is fi lled with metal throughout 400 nm of length in the propagation direction. In these simulations, the coupling structure is excited with a Gaussian beam from the air side. We calculate the coupling effi ciency by integrating the power of a focused Gaussian beam at the coupling structure with FWHM of 1 μ m in a 2 μ m × 2 μ m area, which corresponds to more than a 4 λ 2 area at 900 nm, as the incident power. For the waveguide, gold is modeled as a 4-poles Lorentz material obtained by fi tting the values from Palik in the 800 -1000 nm wavelength range [22] . After propagating 5 μ m in the waveguide, the power in the guide is integrated in an area of 2 μ m × 2 μ m centered on the waveguide, and projected back to the coupling structure to take into account waveguide losses. This area contains more than 99.7 % of the propagating Poynting vector in both the slot plasmon mode and the strip plasmon mode at 900 nm. The coupling for the allowed modes is shown in Figure 2E . The coupling to the slot plasmon with incident fi eld in the x-direction (Ex) is more than 2 orders of magnitude higher than the coupling to the strip plasmon with incident fi eld in the y-direction (Ey), thus allowing us to selectively excite the strongly confi ned slot plasmon mode in this waveguide geometry.
The coupling of an x-polarized excitation to the strip plasmon is prohibited because of incompatibility in symmetry between the excitation polarization and the polarization of a guided strip plasmon mode. Conversely, a Gaussian beam polarized in the y-direction does not couple to the slot plasmon because of the polarizations are orthogonal. This structure can thus excite the slot plasmon without exciting the strip plasmon. We chose this coupling structure as the coupler to ensure that we were coupling only to the slot plasmon mode in our experiments, not for overall effi ciency in coupling, which is ∼ 1 % for coupling to slot plasmons from a focused Gaussian spot, and we expect more effi cient couplers could be devised at this wavelength.
We measured the photocurrent generated by the photodetector as a function of the position of the exciting laser spot to investigate the coupling and propagation in the highly-confi ned slot plasmon mode in these structures. A modelocked Ti-Sapphire laser operating at 850 nm is chopped at a frequency of 1 kHz, attenuated to 150 μ m and focused with a 20X microscope objective with numerical aperture of 0.4 onto the sample. The optical beam is held in a fi xed position, while the sample position is controlled with an open-loop piezo-actuator stage with 50 nm step size. The photodetectors are held at a bias of 1V throughout the experiment and the signal is amplifi ed with a SR870 preamp and monitored with a SR830 lock-in amplifi er. Figure 3 A and 3B show the photocurrent maps as a function of the x-y position of the sample for an incident Gaussian beam polarized in the x-and y-direction, respectively. When the incoming electric fi eld is polarized in the x-direction, we observe two distinguishable peaks. The larger peak corresponds to the optical beam being directly incident on the photodetector. The second peak, smaller in amplitude, appears only when the incident beam is polarized in the x-direction and at a position that corresponds to the beam being incident on the coupling structure. When the incident optical beam is polarized in the y-direction, we fi nd that this second peak vanishes (as shown in Figure 3B ). The measured contrast ratio between the signal in the two polarizations is >10x, but is limited by electrical noise.
We repeated these experiments on similar devices where the coupling structure was positioned at a different location in the waveguide. The results for line scans that intersect the middle of the photodetector are shown in Figure 3C . The signal amplitudes at 0 μm (where the input spot directly overlaps the detector) are generally similar in all cases. In each case, we observe two peaks when the incident beam is x-polarized, one corresponding to the direct illumination of the photodetector, and one corresponding to the location of the coupling structure in relation with the photodetector, whereas we only observe a single peak when the incident beam is y-polarized. The ratio in photocurrent between direct illumination of the photodetector (large peak) and the magnitude of photocurrent with the light beam positioned over the coupling structure shows that the loss in the waveguide agrees with numerical calculations (see inset). We believe the deviations of the measured points from the straight line likely arise because the waveguide structure also behaves as a low-Q Fabry-Perot resonator (discussed in detail below), leading to an oscillatory modulation on what would otherwise be an exponential decay of the signal with guide length.
Further evidence of polarization dependence at the coupling structure, which corresponds to a selective excitation of the slot plasmon mode, can be observed in devices where the waveguide is routed through waveguide bends before being detected by the integrated photodetector. We measured the photocurrent as a function of position in x-polarization (Figure 4 A) and in y-polarization ( Figure 4B ) for a device with a single 90° bends and a radius of curvature of 1.75 μ m. Figure 4B shows the sharp increase in photocurrent when the incident beam is positioned at the coupling structure location. For a single bend, the y-polarization becomes the one that effectively couples to the slot plasmon, since the y-polarization is now oriented perpendicularly to the waveguide near the coupling structure. We repeated these measurements on a S-bend, formed by two 90° bends. In this structure, the x-polarization couples well, given the orientation of the coupling structure with respect to the incident polarization.
Formation of a low-Q resonator in the waveguide structure
The refl ections at the photodetector as well as at the coupling structure can lead to the formation of a low-Q Fabry-Perot resonator within the waveguide structure. According to our simulations, refl ections are sharply higher for the slot plasmon than for the strip plasmon. At the detector, the refl ection coeffi cient for the slot plasmon reaches 35 % at 850 nm, which is higher than the 5 % refl ection that the strip plasmon achieves at that wavelength. The high confi nement of the slot plasmon thus leads to a higher refl ection than we expect for the strip plasmon because of this mode mismatch. At the coupling structure, the situation is even more dramatic. More than 45 % of the slot plasmon fi eld is refl ected across the entire wavelength range, while less than 3 % of the strip plasmon fi eld is refl ected, suggesting that the slot plasmon could have enhanced interaction with a nanoscale volume of material that fi lls the slot.
The refl ection at the end of the waveguide was calculated with FDTD. Full-fi eld simulation results are shown in Figure  5 A, with the magnitude of the Ex fi eld shown for the slot mode and Ez for the strip mode at 900 nm, with incidence from the bottom of the plots. The amount of power that is refl ected at the discontinuity is calculated by fi rst integrating the power that goes through a cross-section located 2 μ m before the discontinuity, and the result is substracted from the amount of power integrated over the same cross section in a calibration simulation without the discontinuity. The calculated refl ected power is then normalized to take into account waveguide losses.
The results are shown in Figure 5B for the wavelength range under investigation. When the fi eld is confi ned in the slot mode, more than 70 % of the fi eld is refl ected at an open-ended waveguide. This can be explained by the high confi nement of the fi eld and low overlap with free-space modes, which provides poor coupling to propagating freespace modes. In comparison, refl ections for the strip mode are below 30 % , indicating that the strip mode can more easily be matched to propagating free-space modes. A similar effect is observed when a detector is present at the end of the waveguide. Although refl ections are slightly lower in the presence of the detector element (which has a high refractive index), the slot plasmon mode is more effectively refl ected from the detector than the strip plasmon mode. The simulations also indicate that the presence of the coupling structure has a very signifi cant effect for the refl ection of the slot plasmon mode. The slot plasmon refl ection coeffi cient at the detector is lower than for the case where the slot plasmon reaches an open-ended waveguide (70 % ). This difference in refl ectivities for the slot plasmon can be explained by noting the difference in modal size in free space and in a large dielectric constant material, in this case silicon. The fi eld is effectively refl ected from the coupling structure, as can be seen from the fi eld amplitudes in Figure 5A . The difference in refl ection between the slot mode and the strip mode incident upon the coupling structure is very large, which is consistent with the slot mode having most of its energy confi ned in the slot region. The strip mode does not interact strongly with the coupling structure, and the refl ection coeffi cient is below 2 % across this wavelength range.
We experimentally demonstrated the effect of multiple refl ections effect in a low-Q cavity formed between the coupling structure and the detector in the measured photocurrent. By exciting the waveguide at the coupling structure, we monitored the photocurrent as we tuned the incident wavelength of the laser. The results are shown in Figure 6 for an 8.5 μ m length cavity, where we normalized the collected photocurrent with respect to the incident power. Our experimental results show the formation of Fabry-Perot fringes, where the fringe spacing and fringe depth is consistent with what we expect from the numerically calculated mode indices, waveguide losses, refl ection coeffi cients and fi nite absorption in the semiconductor photodetector.
The spacing that we observe between the peaks corresponds well to the expected fringe spacing, and is strongly infl uenced by the length and the effective refractive index of the mode. The values we obtain from our experiments are consistent with the physical cavity length measured by SEM and the numerically calculated effective mode index of 1.55. The ratio between the maximum and minimum values around a peak is dependent on the cavity length, the waveguide losses and the refl ection losses at the silicon and at the coupling structure. Assuming the numerically calculated values for refl ection, we can estimate the propagation length with this ratio. From our measurements, we estimate a fi eld propagation length of 9.5 μ m around 850 nm, which is very close to the 8.7 μ m that we obtain from simulations. In comparison, the refl ections at the coupling structure for the strip plasmon mode are very weak, and would thus not lead to such pronounced spectral features. The comparison of the fringe depth to simulations thus provides a reliable estimate for the propagation loss of the slot plasmon mode, and we fi nd that despite fabrication imperfections, the slot plasmon mode shows propagation and refl ections that are close to those expected from simulations. On the other hand, since refl ections for the strip plasmon mode are much lower, we would expect a much smaller fringe depth for that mode.
Conclusions
Our results directly show that plasmonic slot waveguides are a viable approach for guiding light at both multiple-micron and submicron scales and concentrating into deeply subwavelength semiconductor photodetector volumes. Performance agrees well with simulations, allowing such guides to be predictably designed. These guides could have various uses in subwavelength optoelectronic systems: they could allow deeply sub-micron sized photodetectors to be positioned extremely close to transistors for minimized receiver capacitance [8] by transporting light from other optical layers or from antennas or antenna arrays; they offer optical impedance matching of detectors for greater effi ciency [20] , and, when combined with light or plasmon sources, they could permit effi cient short-distance optical interconnects. The tight light concentration in such guides also suggests combining such guides with quantum-confi ned structures such as quantum dots and optically-active molecules. Due to their planar geometry, we can envisage that two-conductor plasmonic waveguides integrated with optoelectronic devices could offer a platform for functional subwavelength optoelectronic circuits that is similar to microwave stripline circuits in conventional radiofrequency electronics, opening a new generation in optoelectronic systems. 
